T
he mitochondrial respiratory chain consists of a series of sequentially acting electron carriers, most of which are integral membrane proteins with prosthetic groups capable of accepting and donating one or two electrons. The transfer of two electrons from NADH through the respiratory chain to molecular oxygen generates a proton-motive force across the inner mitochondrial membrane that drives the synthesis of ATP. Since the first isolation of respiratory-chain complexes Ͼ40 years ago (1) , the concepts of how they are arranged within the membrane have changed. Evidence that mitochondrial electron-transfer complexes specifically interact to form supermolecular structures called supercomplexes came from recent work on the yeast Saccharomyces cerevisiae (2, 3) , beef (3, 4) , and plants (5) (6) (7) . Several experimental findings indicate specific interactions between respiratory-chain complexes. Respiratory supercomplexes were shown to allow higher electron-transfer rates under in vitro and in organello conditions (3, 6) . Inhibitor-titration experiments revealed evidence for IIIϩIV supercomplexes in S. cerevisae (8) and a IϩIII 2 supercomplex in beef mitochondria (9) . Mutants in single genes encoding subunits of respiratory-chain complexes lead to combined enzyme-complex defects (10) (11) (12) . Similar supermolecular structures were also described for the respiratory chains of bacteria (13) (14) (15) (16) (17) . The roles that have been attributed to respiratory supercomplexes are substratechanneling, catalytic enhancement, sequestration of reactive intermediates (3), stabilization of protein complexes (10) , increasing the capacity of the inner mitochondrial membrane for protein insertion (2) , and generating mitochondrial cristae morphology (18) . Furthermore, the dynamic formation of supercomplexes is speculated to regulate alternative respiration in plants (5) .
Solubilization of mitochondrial membranes with nonionic detergents and subsequent resolution of protein complexes by blue native (BN)͞PAGE is the most popular experimental strategy for the analysis of the protein-complex composition of respiratory supercomplexes. Based on this procedure, beef mitochondria were reported to include IϩIII 2 and IϩIII 2 ϩIV 1-4 supercomplexes, which were proposed to be called ''respirasomes,'' and dimeric ATP synthase (3). Mitochondria of S. cerevisiae include IIIϩIV 1-2 supercomplexes. The ratio of these supercomplexes depends on growth conditions and the abundance of the supercomplexes on the cardiolipin content of the inner mitochondrial membrane (19, 20) . Dimeric ATP synthase of S. cerevisiae was shown to include additional subunits that are absent in the monomers (2).
Higher-plant mitochondria are interesting systems for the study of supercomplex formation, in part, because of the indirect participation of mitochondria in photosynthesis (21) . Mitochondria are able to decarboxylate large amounts of glycine during photorespiration. The respiratory chain of plant mitochondria is highly branched because of the presence of numerous so-called ''alternative'' oxidoreductases, which participate in electron transport without contributing to the proton gradient across the inner mitochondrial membrane (22) . Respiratory-protein complexes are known to include side activities in plant mitochondria, such as the mitochondrial processing peptidase within complex III (23, 24) and carbonic anhydrases in complex I (25) . BN͞ PAGE analysis allowed us to identify three types of respiratory supercomplexes in Arabidopsis thaliana. Complexes I and III form associations of IϩIII 2 and I 2 ϩIII 4, and ATP synthase forms a dimeric supercomplex (5, 26) . Other complex-IV-containing supercomplexes were identified in potato tuber and spinach mitochondria (6, 7) . In plants, the IϩIII 2 supercomplex proved to be especially stable. Upon solubilization of isolated mitochondria by digitonin, 50-90% of complex I forms part of this supercomplex in Arabidopsis, potato, bean, and barley (5) .
Despite indirect biochemical and kinetic evidence for supercomplex formation in various organisms, direct evidence is lacking. Here, we describe the structure of a respiratory supercomplex. A stable IϩIII 2 supercomplex, monomeric complex I, and dimeric complex III were purified from isolated Arabidopsis mitochondria by sucrose-density-gradient ultracentrifugation or affinity chromatography. Analysis by EM and single-particle analysis revealed the structures of all three complexes at a resolution of 18 Å. The structure of complex I from Arabidopsis exhibits two additional domains absent in the same respiratoryprotein complex from fungi and animals, whereas dimeric complex III has a very similar structure in all three groups of organisms. Analysis of the IϩIII 2 supercomplex revealed a lateral association of dimeric complex III to the tip of the membrane part of complex I. Functional implications are discussed below.
Materials and Methods
Purification of Mitochondrial I؉III2 Supercomplex, Monomeric Complex I, and Dimeric Complex III from A. thaliana. Isolated mitochondria were solubilized by digitonin (5 mg of detergent per mg of mitochondrial protein), and protein complexes were subsequently resolved by sucrose-gradient ultracentrifugation [gradients of 0.3-1.5 M sucrose͞15 mM Tris base, pH 7.0͞20 mM KCl͞0.2% digitonin (centrifugation at 150,000 ϫ g for 20 h)]. Afterward, fractions were removed from the gradient from bottom to top. Protein complexes present in individual fractions were resolved by BN͞PAGE and identified on the basis of their subunit compositions on second gel dimensions, which were carried out in the presence of SDS (5) . Fractions close to the bottom of the gradients were found to include IϩIII 2 supercomplex, whereas the fractions above included a mixture of complex I and IϩIII 2 supercomplex. Dimeric complex III was purified by cytochrome-c-affinity chromatography as described by Weiss and Juchs (27) and Braun and Schmitz (28) . Fractions eluted from the affinity column were analyzed by 1D SDS͞PAGE. The peak of complex III was determined spectrophotometrically.
Electron Microscopy and Single-Particle Analysis. Samples of purified complexes were negatively stained by using the droplet method with 2% uranyl acetate on glow-discharged, carboncoated copper grids. Electron microscopy was performed on a CM20FEG electron microscope (Philips, Eindhoven, The Netherlands) operated at 200 kV. Images were recorded with a 4000 SP 4K slow-scan camera (Gatan, Pleasanton, CA) at magnification ϫ66,850 with a pixel size (after binning the images) of 4.49 Å at the specimen level with GRACE software for semiautomated specimen selection and data acquisition (29) . Single-particle analysis was performed with the GRONINGEN IMAGE PROCESSING (GRIP) software package on a PC cluster. Selected single-particle projections (128 ϫ 128-pixel frame) were aligned by multireference and reference-free alignment procedures (29, 30 ). Particles were then subjected to multivariate statistical analysis followed by hierarchical ascendant classification (30) . The resolution of the class averages was measured according to the procedure described in ref. 31 .
Results and Discussion
Purification of the IϩIII 2 supercomplex with a mass of 1,500 kDa was accomplished from digitonin-treated mitochondrial fractions by sucrose-density ultracentrifugation (Fig. 1a) . The iso- lated supercomplex proved to be exceptionally stable. To determine the structure of the supercomplex, a set of 5,000 singleparticle EM projections was analyzed. The vast majority of projections of intact supercomplexes (fraction 2, Fig. 1a ) turned out to represent one particular type of projection (Fig. 2a) . A slightly smaller complex from fraction 3 (Fig. 1a) has a similar shape but appears to lack a large protein mass at its left side (Fig.  2b) . Only a very small number of differently oriented particles was observed (Fig. 2c) ; these probably represent side views (see below).
For a precise structural assignment of the supercomplex map, we performed additional analyses of purified complexes I and III. The gross structure of mitochondrial complex I is known from single-particle EM of different organisms (32) . It is Lshaped, with a hydrophobic arm residing in the membrane and a peripheral arm protruding into the matrix space. Analysis of Ͼ10,000 complex I projections indicated that the intact complex from Arabidopsis is also L-shaped (fraction 4 of Fig. 1a and Fig.  2d ) and resembles complex I of the fungus Neurospora crassa in side-view position (33) . However, it has two unique knob-like protein densities attached to either side of the hydrophobic arm not observed in any other complex I. There is biochemical evidence that complex I in Arabidopsis includes additional subunits: five structurally related proteins most likely representing ␥-carbonic anhydrases (25) and an L-galactono-␥-lactone dehydrogenase (34) , but it has yet to be established that these densities could represent one of these proteins. It is currently not possible to speculate on the localization of the extra subunits within complex I from plants. A substantial number of projections lack the upper part of the peripheral arm at the site where NAD-oxidizing subunits are located (Fig. 2e) . On the other hand, the hydrophobic arm did not show variation. Interestingly, with its size of about 230 Å, the hydrophobic arm is the longest of all complex I structures analyzed up to now. Investigation of single-particle projections of purified complex III showed only one type of projection (Fig. 2f ) . Assignment of the complex III projection was possible by a comparison with the x-ray structure from mammalian complex III (35) , indicating that the EM projection is viewed from a side-view position, perpendicular to the twofold axis (Fig. 2g) . The structures are similar but not identical. The bulky, matrix-exposed domains at the top appear to be somewhat larger in the EM projection, probably because the ''core I and II'' subunits constituting these domains are larger by Ϸ20 kDa in plants (36) . In plants, these proteins represent the two subunits of the mitochondrial processing peptidase, which cleaves off the presequences of nuclearencoded mitochondrial proteins upon their import into the organelle (23, 24) . The middle part of the EM projection appears to be thicker because of the presence of a negative stainexcluding detergent boundary layer surrounding the single particles. The intermembrane exposed part of plant complex III is smaller than its mammalian counterpart, probably because of a smaller size of subunit 8 and some degradation in subunit 5.
The side-view maps of complex I and III indicate that the supercomplex maps represent top-view projections in the plane of the membrane. Comparison with known EM and x-ray structures of other large membrane proteins such as photosystem II indicated that the supercomplex is faced from the matrix side. Top views of complexes I and III suitable for direct comparison were not observed in our data sets. However, the comparison of the side-view EM data with the x-ray model of the complex III dimer suggests a rather similar overall shape (Fig. 2 f and g) . Hence, we searched for an optimal fit of the latter structure within the supercomplex maps. Because negative-stain embedding of bulky objects, such as the investigated supercomplex, results in projections in which the stain mainly contrasts the protein parts closest to the support film, we considered fitting of the membrane-integrated parts of complex III. Fig. 3a indicates that the lower part of complex III fits snugly within the circumference of the upper ''leg'' of the supercomplex. This constrains the position of complex I to the lower leg, with the tip of the hydrophobic arm pointing to the right. The variability within the supercomplex, which is restricted to its left part, could then be explained by the presence or absence of the NAD-oxidizing unit of the peripheral arm of complex I, as depicted in Fig. 2 d and e.
Because negative stain does not penetrate the hydrophobicmembrane parts, the 2D projection map of the IϩIII 2 supercomplex indicates an interaction of complexes I and III within the plane of the membrane. We generated a 3D model of the supercomplex by fitting a 22-Å 3D volume of mammalian complex I (37) and an 18-Å truncated x-ray structure of complex III (35) within the supercomplex. The model shows that the tip of the hydrophilic arm, which is 40-50 Å longer in Arabidopsis than in mammalian complex I, is essential for the formation of the IϩIII 2 supercomplex. It is not known which subunits of complex I constitute this tip; however, modeling indicates that subunit 9 of complex III is closest to the interface. It appears that the very bulky matrix-exposed domains of both complexes are in one another's vicinity but probably do not (strongly) interact (Fig. 3b) . Despite a shortened membrane arm of complex I, the IϩIII 2 supercomplex was also described for beef (3), indicating that its architecture might not be fully conserved.
Our results clearly suggest one specific orientation of the two respiratory-chain complexes within a supercomplex. EM studies on Ͼ100,000 projections of various complexes of photosystem I and its iron-stress-inducible antenna protein, IsiA, indicate that a nonspecific binding between photosystem I and IsiA subunits coincides with a strong loss in detail, well above the 18-Å resolution obtained in the supercomplex map (38) . Thus, the mitochondrial IϩIII 2 supercomplex is considered to be a structurally and functionally specific component of the respiratory chain.
It was previously shown for the A. thaliana chloroplast membrane that a supercomplex of photosystem II and the lightharvesting complex II were essential for proper functioning (39) . Our results now offer insights into the functional role of the mitochondrial IϩIII 2 supercomplex. The location of the ubiquinone-binding domain of complex I is not precisely known but is supposed to lie on the membrane arm directly beneath the starting point of the peripheral arm, which includes the NADHbinding domain (40) . A direct role of the supercomplex in ubiquinone-channeling is unlikely, because the ubiquinonebinding domain of complex I is not in close proximity to the complex I-complex III interphase. However, even without direct ubiquinone channeling, electron-transfer rates on the basis of the IϩIII 2 supercomplex are most likely higher than on the basis of freely diffusing single complexes. The main portion of the membrane arm of complex I is believed to play a role in proton translocation from the mitochondrial matrix to the intermembrane space. It is possible that complex III is essential for this function of complex I. Furthermore, association of these two complexes might be important for other reasons, such as stabilization of the single complexes, mitochondrial cristae morphology, or protein-packing within the inner mitochondrial membrane. Because of its exceptional stability, the Arabidopsis IϩIII 2 supercomplex represents an ideal starting point for future investigations into supercomplex physiology.
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